The relative motion between the surface of an object and our fingers produces patterns of 14 skin deformation like stretch, indentation, and vibrations. Here, we hypothesized that motion-15 induced vibrations are combined with other tactile cues for the discrimination of tactile speed. 16
INTRODUCTION
6 right index finger (Fig. 1, A and B) , which has the highest density of mechanoreceptive 132 afferents (Vallbo and Johansson 1984) . The direction of motion of the surface was proximal 133 to distal relative to the finger. Each motion stimulus consisted of a trapezoidal motion profile 134 with a steep acceleration/deceleration (±180 cm/s 2 ). Using the motion encoder, we confirmed 135 that target speeds (see Experimental Procedure) were always reached at the plateau. Since the 136 acceleration/deceleration was kept constant across trials, the shear force on the fingertip was 137 not informative about the motion speed. Instead, the duration of the acceleration/deceleration 138 phase (6 -88 ms) could in principle provide a cue to motion speed, if participants were able 139 to discriminate the acceleration phase from the speed plateau. However, this additional cue 140
would not account for a potential effect of masking vibrations because the 141 acceleration/deceleration did not vary across experimental conditions. 142 Using a forced-choice procedure, we assessed the ability of participants to 169 discriminate the speed of the fine-textured and ridged surface under different vibratory noise 170
conditions. In each test trial, we successively presented two motion stimuli (the standard and 171 the comparison, in pseudorandom order), and simultaneously applied the masking vibrations 172 (Fig. 1D) . Participants then reported whether they had perceived the second motion stimulus 173 to be faster or slower than the first one by pressing either the up (faster) or down (slower) 174 button on a standard keyboard with their left hand. Each motion stimulus lasted 1 s with anstimulus was presented 20 times per vibratory noise condition, resulting in a total of 700 trials 182 per experiment. In Experiment 1b, we presented each comparison stimulus 40 times per 183 condition, resulting in a total of 560 trials. Participants completed all trials within 1 h. To 184 keep concentration levels high, participants took a 5-minute break after completion of half of 185 the trials. 186
187

Data analysis 188
We modeled the responses of all participants by means of a Generalized Linear Mixed Model 189 (GLMM). GLMMs are conditional models designed for the analysis of clustered data 190 (Agresti 2002; Moscatelli et al. 2012 ). In our case, a cluster is the collection of repeated 191 responses from a given participant. In the GLMM framework, the observed response is 192 modeled as a linear combination of the systematic effect of the experimental variables (the 193 surface speed and the vibratory noise), the random variability between participants, and the 194 residual error within participants (the latter arising from the binomial process in the forced-195 choice procedure). The GLMM accounts separately for the experimental effects and the 196 variability between participants by means of random-and fixed-effect parameters, 197 respectively (Moscatelli et al. 2012 (1 In accordance with our hypothesis, masking the motion stimuli with vibratory noise 259 impaired speed discrimination significantly. In Experiment 1a, the slope of the response was 260 significantly reduced in all experimental conditions compared to the control (P < 0.001; 261 Table 1 (Fig. 3B) . 270
In Experiment 1b, the slope of the response was also significantly smaller in the 32 Hz 271 condition compared with the control condition (P < 0.001; Table 2 These results demonstrate that the discrimination of tactile speed is impaired by 275 vibratory masking noise in a frequency-and amplitude-dependent manner. 276
277
Effects of vibratory noise are weaker on the ridged surface (Experiment 2) 278
In Experiment 2 (ridged surface), participants discriminated speeds with higher precision 279 compared to the fine-textured surface (Fig. 5A) . A better performance can readily be seen by 280 comparing the responses of participants that took part in both experiments ("AK", "CH", 281
"FA" and "MA"). The JND was 2.07 ± 0.20 cm/s (estimate ± SE), which is about one third 282 smaller compared to the fine-textured surface. This corresponded to a Weber fraction of 0.24, 283 which is comparable to the Weber fraction of 0.25 estimated in a previous study (Essick et al. 284 1988) . 285
Masking the motion stimuli with vibratory noise also impaired speed discrimination 286 on the ridged surface. However, the effects were much weaker compared to the fine-textured 287 surface (Fig. 5A ). The slope of the response was significantly reduced with respect to the 288 control only with 64 Hz (P < 0.001) and 128 Hz (P < 0.05) vibrations (Table 3 and Fig. 5B ), 289 which also had the strongest effect on the fine-textured surface. The slopes in these two 290 conditions were also significantly smaller compared to the 256 Hz (both P < 0.05) and 32 Hz 291 condition (both P < 0.001). Vibratory noise at 32 Hz and 256 Hz, on the other hand, had no 292 significant effect on the slope. The slope of the fitted response was 0. vibrations of 32 Hz with reduced amplitude (25 µm) also produced a small effect, which was 309 statistically significant. The effects of vibratory noise were strong when discriminating 310 speeds of a fine-textured surface ( Fig. 3 and 4) . A weaker, yet significant effect was found 311 when discriminating speeds of a ridged surface with clearly detectable surface features (Fig.  312   5 ). In the two following paragraphs we present two alternative hypotheses on the functional 313 mechanism of this masking effect. 314
315
PC-induced inhibition 316
Previous studies showed that high frequency masking vibrations impaired the detection of 317 tactile vibrations (Ferrington et al. 1977 ) and finger movement (Weerakkody et al. 2007) . 
Vibrations as a cue to tactile speed 339
As an alternative explanation, we propose that the tactile system combines motion-induced 340 vibrations with other time-varying cues for the discrimination of slip motion speed. A mechanism of speed discrimination based on motion-induced vibrations could rely 358 on an intensive code (Dépeault et al. 2013; Essick and Edin 1995) , which encodes higher 359 relative speed as higher vibration amplitude. In our experiments, vibration amplitude 360 increased with increasing speed on both the ridged and the fine-textured surface (Fig. 2) , 361 consistent with previous findings (Fagiani et al. 2010 ). On the fine-textured surface, the 362 amplitude of vibrations (acceleration signal) increased approximately 4-fold within the tested 363 range of slip motion speed (see Material and Methods and Fig. 2A ). On the ridged surface, it 364 increased approximately 15-fold (Fig. 2B) . At the same tangential speed, the movement of the 365 ridged surface induced vibrations of higher amplitude than the fine-textured surface. Hence, 366 the signal-to-noise ratio (i.e., the ratio of slip-induced vibrations to masking vibrations) washigher on the ridged surface compared to the fine-textured surface (Fig. 2) , which can also 368 account for the difference in the effect size between Experiment 1 and Experiment 2. 369 Furthermore, if vibration amplitude were used as a motion cue, a rough or a ridged surface 370 would be perceived as moving faster than a smooth surface moving at the same physical 371 speed. A recent study demonstrates that this is indeed the case (Dépeault et al. 2008) . 372
In principle, all vibrations-sensitive afferents could provide an intensive code. Given 373 their high sensitivity and large receptive fields, PC afferents are likely to play a central role in 374 conveying this cue (Vallbo and Johansson 1984; Srinivasan et al. 1990 ), although SA and RA 375 afferents could contribute as well (Johansson et al. 1982; Talbot et al. 1968 ). According to 376 recent studies (Dépeault et al. 2013 , Harvey et al. 2013 , the integration of multiple tactile 377 cues could occur in the primary somatosensory cortex (S1). Neurons of S1 were found to be 378 sensitive to moving tactile stimuli of the types used here (Dépeault et al. 2013) . Moreover, 379 they encoded vibration amplitude in the strength of their response and responded to a wide 380 range of vibration frequencies, suggesting they receive input from PC and other afferents 381 (Harvey et al. 2013) . 382
In conclusion, we propose that skin vibrations are integrated with other motion cues 383 for the discrimination of tactile speed, and that vibration cues are particularly important in the 384 absence of clearly detectable surface features. Along a similar line of reasoning, Yao and 385
Hayward (2006) showed that simulated vibrations produced the vivid sensation of a ball 386 rolling inside a tube held in the hand. In their study, participants were able to estimate the 387 length of the motion path of the object based on the simulated vibrations, which required 388 inferring the motion kinematics. An integration of slip-induced vibrations with other tactile 389 motion cues would further support the emerging view of submodality convergence in the 
